ABSTRACT A novel protein in the hemolymph of newly collected mated red imported Þre ant, Solenopsis invicta Buren (Hymenoptera: Formicidae), queens was identiÞed using SDS gel electrophoresis and silver staining. The protein was observed 24 h postmating and was not present in the hemolymph of either virgin queens or in queens 2Ð14 d postmating. Using a reverse genetics approach, we isolated a 252-bp DNA fragment corresponding to this protein that has homology with the cysteine protease inhibitor (CPI) in plants. We suggest that this putative Þre ant queen CPI is involved in ßight muscle histolysis. The expression of the putative CPI was monitored at the transcriptional level to establish its role in ßight muscle histolysis. A signiÞcant increase in the expression of putative CPI transcript was observed in mated queens compared with alate virgin queens. Enhancement in the expression of the putative CPI started from day 0 postmating and continued to increase for another 3 d. On day 7, the expression almost vanished. We discuss the possibility that the CPI protein inhibits proteasomal degradation in the ßight muscle cells, rendering them subject to apoptosis.
Degeneration of ßight muscle in association with reproductive activity has been documented in a variety of insects (Johnson 1953 , Chapman 1956 , Atkins and Farris 1962 . In reproductive castes of social insects, such as ants and termites, degeneration of ßight muscle takes place after the mating and dispersal ßight and is a requirement for the establishment of a new colony. The queen uses the products of ßight muscle histolysis as a food reserve, for egg formation, and for nurturing the Þrst larval brood (Finlayson 1975 , Chapman 1998 . In general, degeneration of ßight muscle could be beneÞcial to an insect for gaining food material and also for reducing intake of food otherwise needed to maintain the tissue (Hocking 1952 (Hocking , 1954 . Jones et al. (1978) used electron microscopy to describe the sequence of histological events leading to ßight muscle histolysis in artiÞcially inseminated queen Þre ants. They showed that the process of muscle histolysis started as early as 4 Ð 6 h postinsemination. However, no evidence is available to elucidate the biochemical and physiological mechanisms underlying ßight muscle breakdown in queen Þre ants.
To understand the molecular mechanisms that mediate the breakdown of ßight muscle, it is necessary to identify and characterize the genes responsible for this process. Davis et al. (1989) reported the role of a humoral "factor" responsible for triggering the process of muscle histolysis in queen Þre ants. In their study, they injected hemolymph collected from artiÞcially inseminated Þre ant queens into virgin queens and were able to initiate muscle histolysis. The Davis et al. (1989) results suggested to us that one or more unique proteins that are involved in histolysis might be present in the queenÕs hemolymph after a mating ßight and that those proteins could be identiÞed by sodium dodecyl sulfate (SDS) gel electrophoresis and silver staining.
In the current study, our objectives were to isolate the protein or proteins involved in muscle histolysis and to identify the encoding gene or genes in the red imported Þre ant, Solenopsis invicta Buren (Hymenoptera: Formicidae).
Materials and Methods

SDS Gel Electrophoresis and Silver Staining.
Hemolymph with associated proteins from single individuals, a virgin alate queen, and newly mated queens at day 0 through day 14 after mating was extracted by dorsal abdominal incision by using 0.5-l microcapillary tubes (Drummond ScientiÞc Co., DeerÞeld, IL). To the collected hemolymph samples, an equal volume of denaturing sample buffer (3% SDS, 125 mM Tris-Cl, pH 6.8, 15% glycerol, 0.01% bromphenol blue, and 0.7 M ␤-mercaptoethanol) was added and mixed. The Þnal mixtures were separated by 10% SDS gel electrophoresis (Laemmli 1970) . By silver staining, the proteins in the polyacrylamide gel (Wray et al. 1981) were visualized for the alate and each of the mated queens. This experiment was repeated Þve times.
Sample Preparation for Matrix-Assisted Laser Desorption Ionization (MALDI) Sequencing. To isolate and sequence a hemolymph protein found only in newly mated queens, 400 queens in total were collected from the Þeld within 2Ð3 h after their mating ßight. Hemolymph samples were extracted from each queen 24 h after collection. An equal volume of denaturing sample buffer was added to the total collected hemolymph, and proteins were separated by 10% SDS gel electrophoresis (Laemmli 1970) , stained for 30 min (140 mg of Coomassie Brilliant blue, 15 ml of acetic acid, 200 ml of methanol, and 85 ml of distilled water), and destained (42.5 ml of distilled water, 7.5 ml of acetic acid, 50 ml of methanol) for 1 h. The desired protein band was isolated from the SDS gel and sequenced by MALDI in the Department of Chemistry (Texas A&M University, College Station, TX). Sense and antisense degenerate oligonucleotide primers, based on the peptide sequence, were designed and synthesized (Table 1) .
cDNA Synthesis and Cloning. Newly mated queens were collected from the Þeld within a few hours of ßight, held for 24 h after collection, frozen under liquid nitrogen, and kept at Ϫ80ЊC. Whole frozen ants were ground in a 1.0-ml Dounce tissue grinder (Wheaton Science Products, Millville, NJ.). Poly-A ϩ RNA was isolated using a Poly (A) Pure kit (Ambion, Austin, TX) following the manufacturerÕs protocol. First-strand cDNA was synthesized from 0.25 g of poly-A ϩ RNA with an oligo(dT) primer by using Moloney murine leukemia virus reverse transcriptase at 37ЊC for 1 h. Sense and antisense degenerate oligonucleotide probes, based on the peptide sequence (see above), were designed, synthesized, and used as primers to amplify from the cDNA. Reactions were performed in a 50-l volume containing TAQ Polymerase (0.5 l) and 10ϫ concentration (5 l) of polymerase chain reaction (PCR) reaction buffer (Promega, Madison, WI), 0.2 mM each of four dNTPs, and primers to Þnal concentrations of 1 M. PCR conditions were 35 cycles with initial denaturation at 94ЊC for 2 min followed by 94ЊC for 30 s, an annealing temperature of 45ЊC for 1.5 min, and an extension temperature of 72ЊC for 3 min, with a Þnal extension of 5 min at 72ЊC. PCR products were excised from the gel and extracted using QIAquick gel extraction kit (QIAGEN, Valencia, CA). This fragment was cloned into the PCR 2.1-TOPO-plasmid vectors by using a TOPO-cloning kit and its accompanying protocol (Invitrogen, Carlsbad, CA) and introduced into competent Escherichia coli cells via heat shock. Positive colonies were selected by blue-white screening and plasmid DNA puriÞed using QIAprep and SpinKit (QIAGEN). The isolated clone with the inserted fragment was then sequenced.
Sequencing. The sequencing reaction was performed using 2 l of ABI Big Dye terminator (Applied Biosystems, Foster City, CA), 10 pmol of primer (M13 forward or reverse), and 250 ng of plasmid template. The following PCR parameters were used for our sequencing reactions: 95ЊC for 2 min; 60 cycles of 95ЊC for 30 s followed by 52ЊC for 30 s and 60ЊC for 4 min. The sequencing reaction was dried, and sequences were analyzed at the Texas A&M University Laboratory for Plant Genome Technologies.
5 and 3 Rapid Amplification of cDNA Ends (RACE). Longer cDNA sequences for the gene in question were obtained using 5Ј and 3Ј RACE. GenespeciÞc primers (GSPs) for the putative gene involved in the queen Þre antÕs ßight muscle histolysis (100-bp ampliÞed fragment) were designed and used in 5Ј and 3Ј RACE. From 0.5 g of newly mated queens from the Þeld, poly-A ϩ RNA was isolated with Dynabeads (magnetic beads covalently bound to oligo-dT tails), with the captured mRNA puriÞed according to the manufacturerÕs directions (Dynal Biotech, Lake Success, NY). From the isolated poly-A ϩ RNA, doublestranded cDNA ligated to the Marathon cDNA adaptor was synthesized following the manufacturerÕs procedures for the Marathon cDNA ampliÞcation kit (Clontech, Mountain View, CA). Once a partial nucleotide sequence for the gene encoding this protein was obtained, DNA and protein databases at National Center for Biotechnology Information and SwissProt were searched using BLASTn and BLASTp to identify any homologies between this novel protein and other previously characterized genes and proteins.
Northern Blot Analysis. To test that the DNA sequence produced above was transcribed at the appropriate time, total RNA was isolated from newly mated queens collected from the Þeld, by using the RNAqueous kit (Ambion) following the manufacturerÕs protocol. Seven micrograms of total RNA from virgin alate queens and from mated queens, day 0, 1, 2, 3, and 7, were resuspended separately in RNA sample loading buffer (Ambion), and ethidium bromide was added to each RNA sample. The samples were heated at 65ЊC for 15 min to disrupt secondary structure, chilled on ice for 1Ð2 min, centrifuged for 5 s, and separated by electrophoresis at 75 V on an agaroseformaldehyde gel [1% agarose, 0.6 M formaldehyde, and 1ϫ 3-(N-morpholino)propanesulfonic acid]. Af- TGSTAGE  5Ј-GGNWS5ACNGCNGGNGA-3Ј  5Ј-TCNCCNGCNGT5SWNCC-3Ј  HLVFWNGK  5Ј-CAYYT5GTNTTYTGGAAYGGNAA-3Ј  5Ј-YTTNCCRTTCCARAANAC5ARRTG-3Ј  TTGSTAG  5Ј-ACNACNGGNWS5ACNGCNGG5-3Ј  5Ј-NCC5GCNGT5SWNCCNGTNGT-3Ј  GSTAQ  5Ј-ACNACNGGNWS5ACNGCNGG5-3Ј 5Ј-CKYTGNGCNGTNSWNCC-3Ј
and 5 ϭ inosine).
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ter electrophoresis, the gel was brießy rinsed with diethylpyrocarbonate-treated water to remove the formaldehyde. The RNA was transferred to an S&S Nytran membrane (Whatman Schleicher and Schuell, Keene, NH) by using standard capillary transfer of nucleic acid from gel to membrane. After the transfer, the membrane was soaked in 6ϫ standard saline citrate (SSC) for 5 min to remove any sticking agarose, and the membrane was placed on a paper towel for 1 h at room temperature to dry, and the blot was UV cross-linked using Bio-Rad GSGENE Linker UV chamber for 3 min (Sambrook et al. 1989 ). An insert from the sequenced plasmid clones was isolated and used as a template for synthesis of a radiolabeled probe using [ 32 P]dCTP (MP Biomedicals, Irvine, CA) for labeling of probe using the DECAprime II random priming DNA labeling kit (Ambion). The blots were hybridized with the labeled probes in hybridization buffer overnight at 68ЊC and then washed three times, 5 min per wash in 1ϫ SSC, 0.1% SDS at room temperature and two times, 15 min per wash in 0.1% SSC, 0.1% SDS at 50ЊC (Sambrook et al.1989 ). The blot was exposed to Kodak Biomax MR Þlm (Eastman Kodak, Rochester, NY). The experiment was repeated three times.
Results
SDS Gel.
In our preliminary study using 10% SDS gel electrophoresis and silver staining, we found one novel protein (with range of moleculare mass between 25 and 30 kDa) that is present in the hemolymph of newly collected mated queens (Fig. 1, lane  4) . This protein was not present in the hemolymph of either virgin queens or in queens 2Ð14 d postmating. This result was reproducible as veriÞed through the experiment being repeated Þve times. Each time, we were able to resolve this protein only from hemolymph of an inseminated queen 24 h after mating.
PCR and Sequencing. MALDI sequencing of this protein produced four short amino acid sequences (Table 1) . From these amino acid sequences, eight degenerate primers (four sense and four antisense) were designed (Table 1) . Combinations of these primers were used for PCR ampliÞcation of the gene in question, by using cDNA from recently mated queens as a template. The primer combination of 17-mersense primer (5Ј-GGN WS5ACNGCNGGNG A-3Ј) and 23-mer antisense primer (5Ј-YTTNCCRT TC CARAA NAC5ARRTG-3Ј) ampliÞed a 100-bp DNA fragment that sequenced as an open reading frame.
GSPs 20-mer sense primer (5Ј-AGTGCAGCGAGA TATT ACGG-3Ј) and 21-mer antisense primer (5Ј-GATAGAAGAGAGAGCACG AAG-3Ј), which complemented the ends of the 100-base segment described above, were synthesized and used in 5Ј and 3Ј RACE. This process yielded longer cDNA sequences of 225 bp (excluding the adaptor sequences) for the gene in question. The 225-bp sequence was compared against the DNA and protein databases at the National Center for Biotechnology Information and SwissProt. The result of this search indicated that the 225-bp DNA fragment shows homology to the cysteine protease inhibitor (CPI) in plants (gi 18307510 embCAD21441.1) with an e-value of 8e
Ϫ06
. Amino acid alignments of the putative CPI from Þre ant queens with Þve similar plant CPI sequences are shown in Fig. 2 .
Northern Blot. To establish its possible role in the initiation of ßight muscle degeneration, the expression of the putative CPI gene was monitored at a transcriptional level by performing Northern blot analysis of total RNA isolated from virgin alate and mated queens and using 32 P-labeled 225-bp (coding for putative CPI) PCR fragments. A signiÞcant increase in the expression of putative CPI gene was observed in mated queens, compared with alate virgin queens (Fig. 3) . Enhancement in the expression of putative Þre ant queen CPI started from day 0 postmating and was shown to increase for another 3 d. By day 7, the gene expression was no longer detected (Fig. 3) . All three replicates gave the same result. Davis et al. (1989) showed evidence that a humoral factor was responsible for the initiation of ßight muscle histolysis in alate female red imported Þre ants. Accordingly, we undertook to inquire into the biochemical mechanism underlying Þre ant queen ßight muscle breakdown and to identify the gene(s) involved in the early events in ßight muscle breakdown. In this initial study, a novel protein was found in the Fig. 1 . SDS electrophoresis of hemolymph of virgin alate queens versus newly mated queens. Shown from left to right are the size standard marker (M), hemolymph from virgin alate queens (A), and hemolymph from newly mated queens from day 0 through day 14 after mating (D0ÐD14) separated on a 10% SDS gel (silver staining). For gel 1, lane 4 (D1), the arrowhead points to the novel 25Ð30-kDa protein not found in the hemolymph of either virgin queens or day 2Ð14 mated queens.
Discussion
hemolymph of queens within 24 h postmating. This protein was not detected in either virgin queens or in mated queens 2Ð14 d after a mating ßight. This result suggested that the protein might play a key role in ßight muscle histolysis. In a reverse genetics approach, we isolated a 225-bp DNA fragment that encodes a polypeptide sequence with homology to CPIs found in plants.
The proteolytic activity of all cysteine protease comes from the presence of the catalytic Cys and His residues in the enzymes active site. The cysteine proteases family includes papain, cathepsins, calpains, and caspases. The proteolytic activity of each cysteine protease is blocked by a speciÞc CPI. IdentiÞed in animals, plants, and protozoa, the CPIs are a group of small, structurally related proteins with domains highly complementary to cysteine protease active sites, entering the protease active site to block the action of the protease. The CPIs family includes serpins, cystatins, and steÞns (Rawlings and Barrett 1994) .
Northern blot analysis showed, in three separate replicates, that a gene for the putative CPI is expressed in alate virgin queens, and that this CPI gene expression increases after the mating ßight up to day 3 after mating. Our preliminary study using gel electrophoresis and silver staining identiÞed a protein in hemolymph of queens 24 h after mating but not after 48 h. Although this could indicate that the gene for our ampliÞed PCR fragment is not the same gene that encodes the protein originally identiÞed by silver staining of the SDS gel, there was a difference in the assays that allows a different interpretation of the results. The protein identiÞed in the hemolymph was a secreted protein; the Northern blot assay was conducted on poly-A RNA from the whole Þre ant queen bodies. The elevated levels of RNA for several days postmating may indicate a function for the protein beyond that of the secreted form in the hemolymph. Alternatively, the mRNA may accumulate for several days, even though protein production is stops after 1 d because of translational regulation.
The homology of our ampliÞed fragment to an inhibitor of cysteine protease leads several possible scenarios related to Þre ant colony formation, including preventing unwanted cell death in Þre ant queen tissues during ßight muscle histolysis by inhibiting the activity of the hydrolytic enzymes such as caspases and DNAase.
In other work (T.A. and S.B.V., unpublished data), we showed that the biochemical mechanism underlying Þre ant queen ßight muscle breakdown was by apoptosis, not necrosis, and that it occurs after a mating ßight. The occurrence of apoptosis in ßight muscle was observed in both artiÞcially inseminated and naturally mated Þre ant queens. Based on this Þnding, we 3 . Expression of the gene for putative CPI increases after mating. An equal amount of total RNA (7 g) from alate virgin queens (A), mated queens a few hours after mating (D0), and 1-, 2-, 3-, and 7-d postmating queens (D1, D2, D3, and D7, respectively) run on 1% denatured agarose gel (top) and subjected to Northern blot hybridization and probed with 32 P-labeled 225-bp PCR product, followed by autoradiography (bottom). The estimated size for the Þre ant putative CPI mRNA was Ϸ800 nt.
propose that Þre ant putative CPI may be an inhibitor to proteasomes and that the putative CPI binds selectively to the active site of proteasomes in ßight muscle cells. The resulting decline of proteasomal degradation alters cellular physiology and leaves the affected muscle cells prone to apoptosis. The role of proteasome inhibitors such as mapsin (a serine protease inhibitor) (Liu et al. 2004 , Lockett et al. 2005 ) and other synthetic peptide aldehydes such as MG132 (Wente et al. 2005 , Yang et al. 2006 ) and MG132 analog peptide boronate (Fernandez et al. 2005 ) has been reported as inducers to apoptosis on variety of cancer cells.
Although the fragment we obtained does not show homology with other sequenced insect genomes (e.g., honey bee, Apis mellifera L., and Drosophila melanogaster Meigen), these insects do not demonstrate ßight muscle breakdown. Perhaps termites will provide a more appropriate model for comparison, because these insects do demonstrate such muscle breakdown physiology.
Although we discussed possible functions for the gene encoding 225-bp fragment based on our Þnd-ing, further studies, including comparative genomics and knockdown of putative CPI expression by small interfering RNA in both artiÞcially inseminated and naturally mated queens, is needed to clarify these possibilities.
